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ABSTRACT

Nanoporous carbons (NCs) have become increasingly popular in various fields of
research due to their unique properties including tunable pore sizes, higher pore volumes
and higher surface areas, as well as being able to produce controlled nanostructures. The
work presented here uses NC scaffolds with as active hosts for (1) Li-ion battery
electrodes and (2) confined metal hydrides (MH) for hydrogen storage applications. In
(1) we investigate the Li diffusion characteristics in hard carbons (HCs) that are
important for electrochemical applications. We develop a novel method named Voltage-
Relaxation Galvanostatic Intermittent Titration Technique (VR-GITT). Parameters
derived from the fitting of electrochemical data provide both the diffusion constants as
well as morphological information about the diffusion geometry. The VR-GITT method
also allows determination of the diffusion constant in the two-phase region of many
materials, where the standard GITT method fails. In (2) it is already known that confining
MHs in NCs. can alter the kinetics of de/re-hydriding reactions. We investigate the
effects of changing the surface electron density in these HCs by the addition of nitrogen
(N). The various chemical environments for the surface nitrogens include pyridinic and
pyrrolic. The pyridinic N contains a lone pair of electrons that should be available to form
Lewis-acid/base complexes that interact with confined MHs, and provide a favorable
(wetting) surface energy for incorporation of AlHs, LiBH4, and other hydrides into the
carbons. Our results indicate that both B and Al interact with these pyridinic Ns upon
introduction to the HCs. The infiltration of LiBHg is straightforward, while the infiltration

of AlHs requires oxygen reduction techniques during the carbon scaffold synthesis.
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1. INTRODUCTION

1.1. THE GROWING DEMAND FOR ENERGY

Energy is a key ingredient in day-to-day life. The consumption of energy is
increasing along with the rapid growth of the planet’s population and the advancement of
the standard of living. According to International Energy Outlook 2017, energy
consumption has been increasing and will continue to increase by 28% between 2015 and
2040.! Figure 1.1 represents the predicted energy demand until 2040. This rapid growth
of energy demand cannot be fulfilled only by the limited reserves of non-renewable
energy sources like petroleum, natural gas, and coal. Use of fossil fuels leads to emission
of CO> to the atmosphere. Even though, the emission intensity of energy, represented by
CO2 per unit of energy, has decreased from 2011.2 This is due to the use of lower
emission fuels and renewable energy sources, therefore the attention on the production of
renewable sources still remains significant. There are several hurdles to overcome when
considering renewable energy sources such as the efficiency, reliability and cost
effectiveness. Currently, the United States obtains 81 % of its total energy from fossil
fuels.® It is difficult to find energy sources to compete with coal/fossil fuels. However,
considering the existing amount of fossil fuels and global warming, the necessity of clean
energy sources has become more important. Extensive research has been focusing on the
various aspects of energy related fields over the past few decades. Not only the
enhancements of energy related materials but also improved energy storage systems are
crucial to accomplish the future energy demand. The research described in this thesis

address these two important aspects by developing a novel analysis method for energy



related materials and investigating promising materials for hydrogen energy storage. In
order to provide some background information, different energy storage systems and their

main features will be discussed in the next section.

World energy consumption by energy source (1990-2040)
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Figure 1.1. Predictions of future energy demand.

1.2. ENERGY STORAGE AND CONVERSION SYSTEMS

Energy storage systems can store energy and deliver it later when the demand is
high, helping energy sustainability. Energy comes in numerous forms such as chemical,
electrical, potential, radiation, kinetic, and latent heat. There are several different existing
energy storage and conversion systems. These systems convert energy from forms which
pose a challenge to be conveniently or economically stored. Batteries, fuel cells and super
capacitors are the main chemical energy storage and conversion systems. In these

systems, chemical energy is converted to electrical energy and vice versa.* The main
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focus on this thesis is on active materials that are used in batteries and fuel cells. Both of
these systems are comprised of an anode, a cathode, and electrolyte and convert chemical
energy to electrical energy and vice versa using redox reactions occurring at the
electrodes. These two systems differ from the location of the energy storage and
conversion. A battery can be identified as a closed system where anode and cathode serve
as both charge transfer media and active masses for the redox reactions. In contrast, fuel
cells are open systems which acquire active masses from outside the system. Electrodes
only act as charge transfer media in fuel cells.*

1.2.1. Battery Storage System. Primary and secondary batteries are the two
main battery categories. A primary battery can be used only one time, whereas the
secondary battery (rechargeable battery) can be reused many times.* Figure 1.2 shows a
diagram of a Li ion battery system. When the two electrodes are connected from an
external circuit, electron flow occurs from the lower potential electrode (negative/anode)
to higher potential electrode (positive/cathode). During this process, ions are transported
across the electrolyte in order to maintain the charge balance. In secondary batteries, the
recharge process can be achieved by applying high voltage between the anode and
cathode in the opposite direction of the ion movement.®

1.2.2. Fuel Cell System. Fuel cells are mainly used in areas such as portable
power generation, stationary power generation and power for transportation.” A diagram
of a fuel cell is shown in Figure 1.3. Both the hydrogen fuel and the oxidant or oxygen
from the air need to be supplied continuously to the system. Hydrogen atoms become
ionized due to the catalyst present at the anode and then the positively charged hydrogen

ions travel through the electrolyte while the electrons travel through the external circuit.
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Finally, they combine with the oxygen atoms at the cathode during the operation process.
The anode, cathode and the overall full cell reactions are given in equations 1, 2 and 3
respectively. Fuel cells provide the cleanest energy since their byproducts are only water

and heat.
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Figure 1.2. Schematic diagram of a Li-ion battery.®
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Figure 1.3. Schematic diagram of a fuel cell.®

There are different types of fuel cells depending on the choice of the electrolyte
and the fuel. The Proton Exchange Membrane (PEM) fuel cell uses a proton conductive
polymer as electrolyte. The electrolyte is sandwiched between two porous electrically
conductive electrodes. There is a catalyst layer normally made with platinum between the
interface of the electrolyte and the porous electrode.® The low operating temperature

(~100 °C) makes this fuel cell type ideal for automotive vehicles.®

1.3. HYDROGEN PRODUCTION AND STORAGE
Hydrogen is an energy carrier, not an energy source. It can carry a tremendous
amount of energy and transform its chemical energy to electric energy via a chemical

reaction. It has 142 MJ of chemical energy per mass, which is much higher than hydro
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carbon fuel.X® For the fuel cell reaction, oxygen can be obtained from the air. However,
hydrogen must be produced and then stored somehow before using it in the fuel cell.
Hydrogen can be produced from water, bio mass, natural gas, oil, and gasification of
coal.! In the US, annually, the highest amount of hydrogen is produced via natural gas
reforming.'? Details of some of the hydrogen production methods and their by-products
are as follows. The natural gas reforming process consists of two steps. First,
hydrocarbons are split using steam to generate carbon monoxide and hydrogen. Then the
water gas shift reaction is used to get hydrogen and carbon dioxide from carbon
monoxide.!® Coal gasification is a very complex process involving several reactions.
Generally, in the first stage under high temperature, coal separates into oil, light
hydrocarbons, tars and phenols. After that, the mixture is subjected to the water gas shift
reaction and finally, undergo methanation.’®* The sustainability of the aforementioned
high yielding production pathways are problematic since both natural gas and coal belong
to non-renewable energy sources. On the other hand, electrolysis of water and bio mass
processing production pathways can use renewable energy sources such as solar energy,
wind, and geothermal energy. The amount of hydrogen content in the biomass is small
compared to the fossil fuels. For example, the lignocellulosic biomass has four times
smaller amount of hydrogen than the natural gas.'® Using different gasification methods,
biomass can be converted into a synthesis gas mixture composed of hydrogen, carbon
monoxide, carbon dioxide and methane. Calcium-based carbon dioxide sorbent can be
used to maximize the hydrogen content in the mixture.!* Electrolysis of water is the
process of splitting water into oxygen and hydrogen using electric current. This method is

the most eco-friendliest method with other advantages such as high purity, simple
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process, and abundant sources.'®> However, hydrogen production methods from renewable
energy resources needs several improvements/modifications to completely replace
hydrogen production from non-renewable sources.

Hydrogen storage plays a key role in the hydrogen economy. It is important to
find methods to store hydrogen safely and cost-effectively for use in applications. There
are three main ways of storing hydrogen and each method has both advantages and
disadvantages associated with them as discussed below. First, hydrogen can be stored in
high pressure compressed gas tanks up to 800 bar. This method allows to store higher
amount of gas in a small space providing 36 kgm volumetric energy density.'® The other
advantage of this method is the simplicity; the ability to use gas phase hydrogen directly
from the storage tank. Compressed gas tanks must be light weight in order to obtain
higher gravimetric energy densities. Use of carbon fiber reinforced plastic materials is a
good solution for this problem.” The second method is storing hydrogen in the liquid
form inside tanks. This is also called cryogenic storage because, hydrogen needs to cool
down to 20 K to maintain the liquid state. The method provides higher volumetric energy
densities than the compressed gas storage. For example, a liquid hydrogen tank can store
2.33 times more hydrogen compared to compressed gas tank. The problems related to this
method are the need of better insulation for the tanks, higher hydrogen liquification rate,
and hydrogen boil off.1%161" As a result of these problems, the energy penalty is high in
these cryogenic storage systems. Moreover, when it comes to hydrogen fuel cell vehicles,
having an on-board high-pressure hydrogen tank or liquid hydrogen tank can lead to

safety concerns.
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The third method is material-based hydrogen storage, either through condensation
of the gas on some scaffold or forming chemically bound hydrogen. This is the safest
way to store hydrogen for on board fuel cell applications. Material-based storage can be
divided into two categories, namely physisorption and chemical storage.’®!® In the
physisorption method, generally, adsorption occurs via weak Van-der Waal forces and
weak electrostatic forces between the hydrogen and the material surface.'® There are
several studies on hydrogen physisorption on different materials such as zeolite, porous
carbons, metal organic frameworks, and covalent organic frameworks.®° The amount of
adsorbed hydrogen depends on the surface area and micro/mesopore volumes of the
materials. Even though it is a completely reversible process, the higher adsorption
amounts can only be obtained at lower temperatures. Introduction of heteroatoms or light
metal atoms in to the host framework can increase the amount of adsorbed hydrogen by
increasing the binding energy of hydrogen due to dipole interactions. For instance, 4.2 %
of hydrogen storage was observed for boron nitride nano tubes with collapsed structure at
room temperature.?

Materials that can produce hydrogen through a chemical reaction are used in the
hydrogen chemical storage systems. Some examples of such materials are ammonia
(NHs), metal hydrides, carbohydrates, synthetic hydrocarbons, and liquid organic
hydrogen carriers.'® One focus in this thesis is hydrogen storage in metal hydrides, which

will be discussed further in the next sub section.



1.4. HYDROGEN STORAGE IN METAL HYDRIDES

Some metals, intermetallic compounds, and alloys can absorb hydrogen under
moderate pressure and temperature, forming metal hydrides.?! Due to the absorption,
hydrogen can safely be stored in these metal hydrides at lower pressure and higher
density state compared to other hydrogen storage methods. Even though storing hydrogen
in metal hydrides is safer, the associated weight penalty is problematic for onboard
hydrogen storage for transportation applications. Several studies conducted on the metal
hydrides area focus on synthesizing new materials to fulfil the requirement of low
temperature fuel cell applications. For most of the automotive applications, metal
hydrides must have high gravimetric ( > 6 wt % Hz or 2 kW h*kg? ) and volumetric
(0.045 kg Hz L or 1.5 kW h L) hydrogen densities along with suitable kinetic and
thermodynamic requirements at low temperature conditions (~100 °C)?.

Metal hydrides can be categorized into three groups: (1) Binary hydrides (MHy),
(2) Interstitial Metallic/Intermetallic hydrides (ABxHy), and (3) Complex Hydrides
(MExH) (E=boron (borohydrides), nitrogen (amides), aluminum (alanates). When metal
absorbs hydrogen gas during the formation of the metal hydride, it releases heat
exothermally and forms a chemical energy rich metal hydrogen bond. Normally, metal
lattice expands about 10-20 % during the formation. During this transition, first solid
solution containing small amounts of hydrogen (alpha phase) is formed and then another
new phase (beta phase) grows with the increasing amount of hydrogen. As a result, a
plateau pressure is observed in the pressure-composition-isotherm (PCT) containing both

alpha and beta phases. The heat release during the process can be measured using the
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enthalpy parameter from the gradient of the van’t Hoff plot, which is derived from the
plateau pressures of the PCT at different temperatures.?

There are several other uses of metal hydrides apart from the hydrogen storage
such as using them in Li-ion batteries?®?4 using them as reducing agents® and
catalysts?®. Hydrides, which are important for the hydrogen storage applications will be
discussed on the next sub sections as it is one of the focuses on this thesis.

1.4.1. Binary Hydrides. (MHx). Binary hydrides are the simplest form of
hydrides, containing only two elements, one of which is hydrogen. They have a single
step decomposition with the decomposition enthalpy similar to the negative of the
formation enthalpy. Some of the examples of binary hydrides that show promising results
for hydrogen storage and their hydrogen weight percent numbers as follows; AlHz (10.1
wit%), MgH2 (7.7 wt% ), and VH> (3.81 wt%). Alane (AlH3) has gained lot of attention as
it has higher volumetric hydrogen capacity (148 g/L) than liquid hydrogen. Not only that,
it also has high gravimetric hydrogen capacity.?? This material is a metastable material. It
is not thermodynamically stable at room temperature, but it is Kinetically stabilized by the

surface oxide layers. The decomposition of alane can be written as follows;

(4)

The formation of alane is highly favorable (enthalpy AH =7 kJ/mol Hy). So, very
high-pressure conditions above 2.5 GPa are needed to reform alane from the Al and H>
gas.?” Alane has been known for more than 75 years. First, alane amine and etherate
adducts were synthesized in the sixties. Then, first non-solvated form of AlH3 was

synthesized by Chizinsky et al. using an ethereal reaction between AICIs and LiAlH4.2
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After that, Brower et al. prepared six different non-solvated alane phases
o, o, B,y,0and e and a non-solvated or slightly solvated { phase using the same
method.?® The most commonly studied alane phases in the literature are o, f and y.

There have been several studies to investigate alane as a hydrogen storage
material. Freshly prepared o, B and y phases show considerable decomposition below 100
°C.1% It has also found that higher desorption rates can be obtained by doping alane with
small amounts of LiH. %’

1.4.2. Interstitial/Intermetallic Metallic Hydrides (ABxHy). Normally, Metal
‘A’ forms stable binary hydrides. Metal ‘B’ does not form stable hydrides; however, it
may help to dissociate hydrogen molecule. Early transition metals, rare-earth metals, or
Mg can be used as metal A. Examples for type B metals are Ni, Co, Cr, Fe, Mn, or Al.
Metal hydrides can be grouped in to five different categories. Several different types of
hydride forms have been investigated for potential hydrogen storage applications. Out of
these different hydride forms, AB, AB2, A2B and ABs families have shown promising
results for hydrogen storage related applications. Some of the metal hydrides which are
grouped into each of these categories are Mg2NiH4, TiFeH2, ZrMn;Hzs and LaNisHes
respectively. Drawbacks of the intermetallic hydrides are low hydrogen storage
capacities by weight, slow kinetics, and complicated activation procedures.?*

1.4.3. Complex Metal Hydrides (MExH). Complex metal hydrides composed of
light elements, such as Li and Na, have become potential candidates for hydrogen storage
applications due to their high hydrogen storage capacities, high hydrogen densities and

mild dehydrogenation conditions.3! Typically, complex hydrides decompose in multiple
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steps and may decompose to very stable metals, which are hard to rehydride back to the
original form.
Sodium aluminum hydride (NaAIH4), mostly known as sodium alanate, has total

of 7.4 wt% of hydrogen capacity. The material has three step decomposition as follows.

()

(6)

(7)

Bogdanovic et. al showed that this material can release and absorb 5.6 wt %
(only first two steps of the decomposition) of hydrogen when doped with TiCls or Ti-
alkoxide catalyst.® This discovery gained lot of attention towards the complex metal
hydrides as hydrogen storage materials.

Moreover, complex metal hydrides like LiBH4, which has very high gravimetric
capacity (18.5 wt %) and high volumetric density ( 121 kgm=), are investigated as
hydrogen storage materials.®* The main problem with LiBHa is the inability to rehydride

it back under moderate temperature and pressure conditions.

1.5. NAOPOROUS CARBON SCAFFOLDS FOR ENERGY STORAGE
Nanoporous carbons have several unique properties, which are favorable for

energy conversion and energy storage applications, including Li ion batteries®®=7" |

hydrogen storage materials®®4° and  supercapacitors*#?. Apart from the chemical

inertness, electrical conductivity and higher stability of regular carbon materials, these
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nano porous carbons have highly ordered structures with higher pore volumes and surface
areas, tunable pore sizes, and the ability to dope with hetero atoms without destroying the
framework. Use of these materials for energy storage applications provides advantages in
many ways. Examples of these numerous advantages include: higher surface areas
provide a large number of interaction sites for absorption processes, large pore volumes
are beneficial to load guest species into the framework for different applications and to
reduce the strain relaxation and expansion during electrochemical cycling. Moreover,
uniform and tunable pore sizes help to transport of atoms, ions and large molecules
through the bulk material.*®

1.5.1. Introduction to Nanoporous Carbon Materials. According to the
International Union of Pure and Applied Chemistry (IUPAC) definition, porous materials
can be classified into three groups based on their pore sizes: microporous (< 2 nm),
mesoporous (2-50 nm) and macroporous (> 50 nm). There are two currently existing
methods to synthesize porous carbon scaffolds with well-defined pores and narrow pore
distributions: hard templating technique and soft templating technique.***’

The hard-templating technique uses pre-synthesized templates to obtain the
required structures. These templates do not interact chemically with the carbon
precursors. Normally, the template material is washed away at the end of the preparation
process. Fist type of highly ordered mesoporous carbon (CMK-1) was prepared from
MCM-48 hard template in 1999 with uniform 3 nm pore diameters.*® This finding opened
up the path for so many other ordered carbon structures. Some of the examples for silica
templates that can be found in the literature are SBA-15, MCM-48, SBA-1, SBA-16,

KIT-6 and KIT-5.49-52
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In the soft templating technique, the assembly process occurs through self-
assembly which is mainly depend on the chemical interactions between carbon precursor
and template.>® In order to obtain mesoporous carbon using soft templating method
precursor materials must have the ability to self-assemble into nanostructures, the mixture
should contain at least one of pore-forming component and carbon-yielding component,
the pore-forming material should have ability to survive during the curing temperature
but need to decompose during carbonization, and the carbon yielding component should
be able to form highly cross-linked polymeric material.>® There are very few materials
that can fulfil these requirements. Two different soft templating systems namely
Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(-ethylene oxide)(PEO-PPO-PEQ)/
Resol system and PEO-PPO-PEQ)/Resol formaldehyde/silica system was used in the
projects discussed in this thesis to synthesis nanoporous carbon.

The nanoporous carbons examined in various chapters of this thesis can be
categorized into two groups: CMK3 (hard templating method) and NPC (soft templating
method). NPC has higher surface areas, pore volumes and higher average pore size
compared to CMK3 group. Generally, NPC material exceeds 1000 m?/g surface area with
~1.5 cc/g pore volume.

1.5.2. Nanoporous Carbon for Hydrogen Storage Applications. Nanoporous
carbon can be used to alter thermodynamics and Kinetics of the metal hydrides through
nanoconfinement. It is well known that nano sized materials have different properties
with respect to their bulk material.®® Nanoconfinement can be obtained by melt

infiltration or solution impregnation. In the metal hydrides, nanoconfinement provide
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large surface area-to-volume ratios yielding higher specific surface area for the hydrogen
to exchange. Moreover, it reduces the hydrogen diffusion distances within the material.>’

According to previous studies it has been found that systems like LiBH4
incorporated into porous carbon®® and NaAlH4 incorporated into porous carbon358:59.60
show enhanced desorption properties as well as improved reversibility. In addition, Gao
et al. has observed formation of nanosized NaAlH; instead of NasAlHs during cycling
indicating a shift of the thermodynamic equilibrium after melt infiltration.®
Functionalized carbon have been used to investigate the chemistry between the infiltrated
material and the carbon scaffold. In a previous study by our group revealed that LiBH4
infiltrated into nitrogen doped carbon is Kinetically stabilized compared to the
nonfunctionalized carbon scaffold. More details of this system will be investigated as a
part of this thesis project.5!

Functionalization of nanoporous carbons adds additional properties for these
carbons. Ordered mesoporous carbons have synthesized with various organic or inorganic
functional moieties such as hetero atoms, amines, metal nanoparticles, metal oxides
according to previous reports.>* Doping of hetero atoms (B, N, S, and P) substitutes some
carbon atoms from the carbon structure. This leads to alter the electronic, electrical and
surface charge properties of the resulting material.>® Specifically, nitrogen doping and the
effects from the nitrogen doping on the metal hydrides will be discussed in this thesis.

1.5.3. Nanoporous Carbon for Li-ion Batteries. Ordered Nanoporous carbons
have been investigated as both anode and cathode material because of their higher pore
volume, interconnected mesopore channels and nanosized mesopore walls.5#6? These

properties help to improve the performances of Li-ion battery by facilitating faster ion
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transport and accommodating the strain relaxation during charging and discharging.
There are several studies in the literature on composite negative electrode materials made
with combining porous carbon materials and materials such as Sn0,,%3%* TiO2%® and
MnO,°,

Pure forms of nanoporous carbons are also used in anode materials. A study
shows that carbon derived from inorganic-organic-surfactant tri-constituent co assembly
method can deliver better capacity values compared to the carbon made from organic-
organic di-constituent assembly. Also, the study shows 500 mAh/g of capacity retention
even after 50 cycles for the material.®® In another study by Sakia et al. two different
mesoporous structures (CMK3 and CMK8) were investigated electrochemically and
found that the CMKS8 has more favorable prosperities like higher reversible capacity,

better cycling ability and rate capability.®®

1.6. LITHIUM DIFFUSION IN ELECTRODE MATERIALS

There are several electrochemical techniques such as Galvanostatic Intermittent
Titration Technique (GITT), Electrochemical Impedance Spectroscopy (EIS), and
Potential Intermittent Titration (PITT) to find the Li diffusion coefficient inside an
electrode material.®"%8 The GITT is one of the most widely used diffusion
measurements in the literature. This method composed of series of short current pluses
followed by a long relaxation period. GITT was first introduced by Weppner and
Huggins in 1977 for a mixed conducting LisSb electrode system. In this study, diffusion
coefficients were obtained for a planer geometry assuming the diffusion process follows

Fick’s law inside the electrode.”®
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Even though the GITT method is extensively used to calculate diffusion
coefficients, this method is not applicable along a voltage plateau. As a result, GITT is
not viable method to calculate diffusion coefficients along the plateau in two phase
materials such as TiO2"%, olivine LiFePO4"? and spinel LisTisO12"2. In this thesis we will
be using a stretched exponential function to analyze the relaxation curve obtained from
the GITT and use the extracted time constant to calculate the diffusion coefficients along
with the particle size. The advantages associated with this new Voltage-relaxation GITT
(VR-GITT) are the ability to use it for both one-phase and two-phase materials and the

ability to obtain geometry related information.

1.7. OUTLINE OF WORK

The work presented here is related to the energy storage applications; specifically,
Li ion batteries and nanoconfined metal hydride systems for PEM fuel cells.

In section two, detailed descriptions of the experimental methods such as
preparation of different carbon scaffolds, preparation of coin cells, various
characterization methods and analysis used in the work are presented.

Paper 1 is a previously published study which contains Li diffusion measurements
for both carbon and TiO2 materials together with computational approach to calculate Li
distribution inside the electrode materials using reverse Monti Carlo method. The
diffusion analysis method, Voltage-relaxation Galvanostatic Intermittent Titration
Technique (VR-GITT) employed in the work is a newly developed method using

stretched exponential.
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Paper Il contains a study about interactions between carbon scaffold and metal

hydrides. In here, AlHs3 infiltrated carbons and LiBHs infiltrated carbons were
investigated using XRD, NMR, and gas desorption measurements.

Section three includes desorption measurements and results on the nanoconfined

NaAIlH4 with and without the nitrogen functionalization. Finally, last section contains

main conclusions of the entire work presented in the thesis.
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2. EXPERIMENTAL METHODS

A number of different experimental techniques were used to characterize and
investigate our systems. In this section those experimental procedures are discussed in
detail. This chapter is divided into three subsections. In the first subsection synthesis and
characterizations of nanoporous carbons are discussed which were used as anode
materials in the coin cells and as the substrate for the infiltration of metal hydride
materials in the following sections. Then, preparation and electrochemical measurements
for the Li-ion coin cells is presented in the second subsection. Finally, characterizations
and thermal investigations for infiltrated metal hydrides are described in the third

subsection.

2.1. SYNTHESIS AND CHARACTERIZATION OF NANOPOROUS CARBONS

In this following section preparation of different carbon types are discussed
followed by the characterization methods.

2.1.1. Sample Preparation. In this section specific carbon preparations are
described in detail. As discussed in the introduction, both soft templating and hard
templating carbon synthesis procedures were employed to get nanoporous carbons in
different projects. These carbons were prepared using previously published
literature, #144-47.73

2.1.1.1. Soft templated carbon. Two types of soft templating techniques were

used as discussed below. They are organic-organic self-assembly and organic-inorganic
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self-assembly. The main component for soft templating method is resol precursor. It can

be synthesized from the following procedure.

Resol precursor preparation. First, 6.1 g of phenol was melted in a shlenk flask at
40 °C. Then, 1.3 g of 20 wt% NaOH solution was added under stirring. After 10
minutes, 10.5 g of formalin was added dropwise using a syringe. The mixture was
maintained under 50 °C throughout the process. Then, the temperature of the
mixture was raised to 70 °C and stirred for 80 minutes. Next, 1IN HCI was added
dropwise to neutralize the mixture after cooling it to room temperature. The
solution was vacuumed at 45 °C to remove the water. Ethanol was added to
dissolve the resulting gel like product yielding 20 wt% resol-ethanol final
mixture. Then, the solution was allowed to settle overnight. Finally, the
supernatant resol-ethanol mixture was poured to separate flask and used for the
next processes.

Organic-organic self-assembly method. In a typical procedure, 10 g of F127 was
dissolved in 200 g of ethanol. Then, 50 g of resol precursor was added and stirred
for 10 minutes to obtain a homogeneous mixture. Next, the solution was poured
into dishes and heated in the oven at 100 °C for 24 hours. The resulting
transparent films were scraped and crushed into fine powders. Calcination (350
°C) and carbonization (800 °C) were carried out in the tube furnace with 2.4 %
O2/N2 gas mixture. The heating ramp rate was 1 °C/min below 600 °C and 5

°C/min above 600 °C.
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e Organic-inorganic self-assembly method. In a typical procedure, 8 g of Pluronic

F-127 tri-block co-polymer and 7.5 g of dicyandiamide was added to a mixture of

100 g of ethanol, 50 g of H20, and 10 g of 0.2 M HCI. Resol-ethanol solution and

10.4 g of tetraethyl orthosilicate (TEOS) were added to the mixture stepwise

followed by a stirring step of 1 hour at 40 °C. Then, the whole mixture was stirred

for another 2 hours at 40 °C. The mixture was poured into glass pans and placed

in an oven at 45 °C for 8 hours. Resulting uniform films were thermopolymerized

at 100 °C for 24 hours. Next, the obtained film was scraped from the pan and

ground into a fine powder. Then, the calcination and the carbonization were

carried out at 250 °C for 2 hours and 700 °C for 3 hours respectively under flow

of nitrogen gas. The silicate was removed by etching the carbon with 5 wt % HF

solution for two days followed by a washing step with deionized water and

ethanol. Finally, the carbon sample was dried at 100 °C to remove the remaining
moisture due to washing step.

2.1.1.2. Soft templated carbon with nitrogen functionalization. In a typical

procedure, first, 100 g of ethanol, 50 g of H,O and 10 g of 0.2 M HCI was added into a

flask. Then, 8 g of F-127 tri-block co-polymer and 7.5 g of dicyndiamide are added to the

solution. After 1 hour stirring at 40 °C, 10.4 g of TEOS and 25 g of 20 wt% resol-ethanol

solution were added and continued stirring for another 2 hours at 40 °C. After that, the

mixture was transferred into glass pans and placed in an oven at 45 °C for 8 hours for the

solvent evaporation. Next, thermopolymerization was carried out by baking the resultant

films at 100 °C for another 24 hours. The films were scraped from the pans and ground



22
into fine powder. Calcination and carbonization process were done under nitrogen gas at
250 °C for 2 hours and 700 °C for 3 hours respectively. Silicate was removed by etching
with 5 wt% HF solution for two days under stirring. Then, the carbon sample was washed
with deionized water and ethanol and dried at 90 °C for 12 hours.

2.1.1.3. Hard templated carbon. First, 6.25 g of sucrose was dissolved in 0.7 ¢
of H2SO4 and 25 g of H2O mixture. Then, 5 g of the hard-templating material (SBA-15)
was added to the mixture and stirred for 15 minutes. A white color slurry was obtained
after mixing step. Next, the mixture was subjected to two heat treatment steps at 100 °C
for 6 hours and 160 °C for 6 hours. The resulting black/brown powder was again added to
a mixture containing 4 g of sucrose, 0.45 g of H2SO4 and 25 g of H>O mixture and stirred
for 25 minutes. After that, previously mentioned two heat treatments were repeated for
the sample. The carbonization was performed at 900 °C with a ramp rate of 1 °C/min
below 600 °C and 5 °C/min above 600 °C temperature. The process was carried out
under argon gas for 3 hours in the tube furnace. The hard template was removed by
etching the carbon with 5 wt % HF solution. Etching process was continued for two days
and washed with deionized water and ethanol. Finally, the carbon sample was dried at
100 °C in the drying oven.

2.1.1.4. Hard templated carbon with nitrogen functionalization. First, 6.75 ¢
of ethylenediamine (EDA) and 15 g of carbon tetrachloride (CTC) were added to a
jacketed flask at room temperature. Next, 2.5 g of SBA-15 silicate template was added
slowly while stirring the mixture to obtain homogeneous mixture and after the addition
the complete mixture was allowed to stir another 1 hour. Then, the temperature of the

mixture was increased to 90 °C and refluxed for 6 hours. The resulting brown color solid
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was placed in a drying oven at 100 °C for 12 hours. After that, the solid was ground into
a fine powder and carbonized in the tube furnace. The carbonization temperature, ramp
rate and the duration were 600 °C, 3 °C/min, and 5 hours respectively. 5 wt% HF was
used to remove the silica template from the carbon/silica composite. The process was
carried out by stirring the carbon/silica composite with HF acid for two days followed by
a washing step with the ethanol. Finally, carbon was dried at 90 °C for 12 hours to get a
dry carbon powder.

2.1.2. Nitrogen Adsorption Desorption Measurements. Nitrogen adsorption
desorption isotherms were measured from SA3100 (Coulter) analyzer at 77 K. First, all
the carbon samples were outgassed at 300 C for 12 h, and then loaded in to the sample
glass values inside the glove box (O2< 1 ppm, and < water 0.5 ppm). The Brunauer-
Emmett-Teller (BET) method was used to calculate the specific surface area (Sget) from
the adsorption isotherm branch in a relative pressure range from 0.02- 0.5 bar. Both total
pore volume (Vrotal) and the pore size distributions were calculated using Barrett-Joyner-
Halenda (BJH) method. The total pore volume was estimated from the adsorbed amount
at a relative pressure P/PO of 0.98.

2.1.3. Scanning Electron Microscope (SEM). Particle sizes of the different
carbon samples were measured using the SEM images. First, double sided tape was
attached to the sample holder. Then, a small amount of carbon powder was spread on the
tape. Next, the sample was inserted into the SEM machine and let it to vacuumed for 3

hours. Finally, a SEM of images were obtained at different magnifications.
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2.2. EXPERIMENTAL MEASUREMENTS FOR LI-ION BATTERIES

In this following section preparation of coin cells and electrochemical
measurements are discussed.

2.2.1. Preparation of Coin Cells. First, carbon materials were baked at 300 °C
and polyvinylidene fluoride (PVDF) (301F) at 110 °C using custom built Sievert type
apparatus respectively overnight. The purpose was to remove moisture from the electrode
materials. The whole assembly process was done inside an argon filled glove box with
oxygen and water content below 1 ppm. Next, carbon, PVDF and N-methyl-2-
pyrrolidone (NMP) was mixed using a mortar and pestle to obtain a homogeneous
mixture. In the process, carbon was used as active material, PVDF was used as binder
and NMP was used as solvent. The ratio between active material and binder was 9:1.
Normally, carbon black is added to get good thermal conductivity. Since the goal is to
measure diffusion in the pure forms of carbon, no carbon black was added in the
preparation. Electrodes were prepared by coating a thin layer of the slurry on a battery
grade Cu foil. These electrodes were baked at 70 °C for 10 minutes and then again at 120
°C for overnight inside the glove box. Coin cells were assembled with a metallic lithium
chip as a reference/counter electrode and a carbon electrode as the working electrode.
1 M LiPFs in a mixture of 1:1 ethylene carbonate (EC) and diethylene carbonate (DEC)
was used as the electrolyte. Two layers of separators (Celgard brand) were sandwiched
between Li metallic chip and the working carbon electrode with a few drops of
electrolyte. Finally, a coin cell was sealed under pressure of 50 kg/cm? using MT1; MSK
110 hydraulic crimping machine using negative and positive caps (CR2032, 20d*3.2

mm). During the sealing, a spacer and a wave spring was used additionally to obtain a
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better seal and a good alignment inside the coin cell. Some of the steps of coin cell

preparation is shown in Figure 2.1.

o cap
cathode
separator
anods .
Spacer

Ting

Solvant
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Figure 2.1. Different stages of Li-ion battery preparation process.

2.2.2. Electrochemical Measurements. Electrochemical measurements were
taken from the Maccor 4300 instrument. All cells were rested for at least two hours to
saturate before taking any measurements. Cycling temperature was assumed to be
constant (room temperature) throughout the experiments.

2.2.2.1. Capacity measurements. To obtain capacity values coin cells were
cycled between 0.00 V - 3.00 V. The current used in the experiment was 30 mA/g. The
mass of the mass of the electrode was obtained from difference between the empty Cu
electrode and the coated Cu electrode. The mass of the active material mass of the
electrode was calculated using the ratio between carbon and the PVDF.

2.2.2.2. Diffusion measurements. Diffusion Coefficients were measured from
the Galvanostatic Intermittent Titration Technique (GITT). This method is composed of
constant current pluses followed by a relaxation period. Normally, current pluses are

short compared to the rest pluses in order to provide enough time to redistribute the Li
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ions inside the electrode. Electrodes that were cycled before for capacity measurements
were used to avoid the effects from the solid electrolyte interphase (SEI). In the
measurements, 15 minutes current pulses with an approximately C/2 current and 4 hours
of relaxation were used. The C value was calculated based on the cycling measurement
results for each battery. The insertion of Li ions was carried out until the voltage of the

cell reaches 0 V.

2.3. EXPERIMENTAL MEASUREMENTS FOR NANOCONFINED METAL
HYDRIDES

In this following section infiltration procedures for AlHs and LiBH4 discussed
followed by the characterization of those samples.

2.3.1. Sample Preparation. Two different methods for confining metal hydrides
were used in the experiments. They are solution infiltration and melt infiltration. AlH3
infiltrations were performed by the Saint Louis University. All the carbon samples were
baked at 300 °C overnight under vacuum to remove moisture prior to the infiltration.

2.3.1.1. AlHs infiltration. Solution infiltration was carried out with
approximately 1:1 and 1:10 ratios of AlHs: carbon. In a typical loading procedure, first
carbons were suspended in a ~ 6 ml of Toluene and then added calculated amount of
dimethylethylamine alane (DMEAA) in to the solution. Next, mixture was continuously
stirred for 3 days. After three days, carbons were allowed to settle down to the bottom of
the flask and supernant was removed. Finally, carbon samples were vacuumed to remove
residual solvents. In the lower doping samples, to remove the excess DMEAA, samples

were washed using toluene until no DMEA NMR peaks observed from the solution 1H
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NMR. This step cause to remove some of the added DMEAA from the mixture and hence
the exact final loading between AIH3: carbon was unknown in the system.

Higher loading samples were made without the washing step with toluene. Two
different vacuum temperatures (25 °C and 40 °C) were used in the higher loading sample
preparation in order to investigate the temperature effect on the final product. Finally, for
the comparison DMEAA powder was made by vacuuming the commercially bought
DMEAA liquid at 25 °C.

2.3.1.2. LiBHg4 infiltration. Melt infiltration of carbon with LiBH4 was carried
out using the Sievert type apparatus set up. The targeted pore filling was 30% of the
substrate. The calculation was based on the total pore volume of the substrate and the
mass and the bulk density (0.666 g/cm3) of the LiBH4. Prior to the packing inside the
stainless-steel sample holder, the mixture was evenly mixed using mortar and pestle for
about 15 min. After that, mixture was heated to 300 [1C, soaked for 40 min under 100 bar
of H2 pressure and allowed to cool to room temperature under pressure.

2.3.2. X-Ray Powder Diffraction Measurements. XRD measurements were
performed with Cu Ko radiation source on a Rigaku Ultima IV multipurpose X-ray
diffraction system. Mylar film was used to cover the sample during the measurements.
This prevent the sample contacting with air and moisture.

2.3.3. Desorption Measurements. A custom-built Sievert type apparatus with
calibrated fixed volumes was used to obtain these measurements. The system is consisted
with two gas ports (He, Hz) and a vacuum port. Sample temperature and manifold
temperatures are measured using type K thermocouples. The system is connected with

the computer to automatically record the pressure and temperature values of the
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manifolds and the sample. The stainless-steel sample holder can use to handle air
sensitive materials. Normally, samples are loaded inside a Ar filled glove box (02 <
1ppm) and transported to the set up with closed manual value. After connecting the
sample holder to the end port, the manual valve is slowly opened to connect the sample
with the rest of the set up. Samples are heated using a cylindrical resistive heating
element which is connected to PID controller. During the heating process, both sample
holder and heating element is wrapped with glass fiber blanket to minimize the heat
dissipation.

For the desorption measurements samples were heated with 4 °C/min rate while
collecting the released gas into the fixed volumes. Pressure correction calculation was
performed for the raw pressure data using ideal gas law equations. This step was
performed to remove the pressure increasement due to heating of the gas. The weight
percent numbers were calculated using the hydride mass and the previously measured

system volumes.
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ABSTRACT

Amorphous hard carbons (AHCs) and metal oxides such as TiO; are of interest in
applications for energy storage including pseudo/super-capacitors and lithium-ion
batteries. We present measurements of lithium diffusion and distribution in anatase TiO;
and several ordered AHCs prepared by soft/hard-templating techniques, some with
capacities > 800 mAh/g. The investigated AHCs have surface areas between 60-937 m?/g
and pore volumes between 0.04-1.01 cc/g. Li-diffusion was measured using two
complimentary techniques (1) Galvanostatic Intermittent Titration Technique (GITT),
and (2) a stretched exponential to investigate the voltage-relaxation (VR) GITT curve.
VR-GITT provides two parameters related to (i) the geometry through which the

diffusion is occurring, and (ii) a time scale yielding the diffusion constant with
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knowledge of an appropriate length scale. Both methods find diffusion constants in very
good agreement with each other. Most importantly, the VR-GITT fitting parameters serve
as a distinctive characterization tool and are able to distinguish between AHCs with
different pore geometries and synthesis techniques. Further analysis of the VR curves
was performed by numerical integration of the diffusion equation and reverse Monte
Carlo simulated annealing to investigate the Li density profile in both TiO, and the

carbons, and suggest that lithium may plate nanopores of AHCs.

1. INTRODUCTION

State-of-the-art Li-ion battery anodes in commercial consumer electronic devices
are based on graphite, with a maximum theoretical specific capacity of LiCs, of 372
mANh/g. Potentially viable anode materials, which include Sn and Si have high specific
capacities of 994 mAh/g and 4200 mAh/g respectively, exceeding the capacity of
graphite, and therefore are desirable alternatives.! Amorphous hard carbons have been
extensively investigated as anode materials for Li-ion applications.t”

Hard carbons (HC) are disordered materials; any graphitic domains present have
very short coherence length (10-20 nm) as measured by X-ray diffraction.® HCs made
with phenolic resins, as opposed to carbon sources such as sucrose, start with aromatic
structures and can have more extended fullerene-like order depending on the
carbonization temperature.® HCs compared to commercially available graphite show
higher Li-ion capacity, but lower rate capabilities. For example, Ni et al. has
demonstrated that HCs derived from phenolic resins can deliver 526 mAh/g capacity,

which is about 40% higher than graphite.? The main drawbacks of hard carbons are large
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irreversible capacity, the hysteresis in the voltage profile between charge and discharge
cycles, and the low density of materials.t3>10

Previous research on non-ordered hard carbon materials for Li-ion battery
applications include studies of irreversible/reversible capacity reduction®”,
understanding the Li insertion mechanisms*?4 and improving capacity by doping with
other materials.>'® Buiel et al. has discussed reducing the irreversible capacity by 50
mAh/g by applying ethylene gas using a chemical vapor deposition technique to
minimize the air exposure of the materials.® Also, in another published report by Buiel et
al., it has been shown that reversible capacities are decreasing due to the formation of
fullerenes inside the micro pores with the increasing heat treatment temperature.*! Guo et
al. has demonstrated that reversible capacity of 1675 mAh/g can be obtained by a
composite of SiO2 and hard carbon prepared by a hydrothermal reaction.*®

Ordered hard carbons have also been investigated as anode materials due to their
unique properties. Li et al. has conducted a study to analyze the electrochemical
properties of ordered mesoporous carbon prepared by the inorganic-organic-surfactant
tri-constituent co assembly method and found that the material can deliver reversible
specific capacity of 1048 mAh/g along with good cycling ability and capacity retention of
500 mAh/g even after 50 cycles.r” A comparative study has been conducted by Saikia et
al. to investigate two different ordered mesoporous structures, namely CMK3 and CMKS8
for anode materials and shown that CMKS8 structure has more favorable properties like
higher reversible capacity, better cycling ability and rate capability than CMK3.1®

Apart from a Li ion battery material, hard carbons can be used in several other

energy related applications. Hard carbons have unique properties such as chemical
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inertness, higher stability, ordered structures with higher pore volumes and surface areas,
the ability to introduce hetero atoms into the surface without destroying the structures,
and tunable pore sizes.>>'%2° These properties of carbon are beneficial in hydrogen
storage applications,?t2® super capacitors,?®?’ and in the latest Na-ion battery
technology'#?8. In hydrogen storage materials mesoporous carbons can be used for the
nanoconfinement of metal hydrides, which allows one to alter the thermodynamic and
Kinetic properties with respect to the bulk hydrides. Hard carbon materials have been
used as a substrate for infiltration of different metal hydrides including LiBHs*%,
NaAlH4?, LisBN3H10%. Liu et al. has investigated the decomposition and wetting
behavior of confined LiBHs inside nanoporous hard carbon prepared from low
temperature pyrolysis of phenolic resins and found that the diborane gas release can be
eliminated by confining the LiBH4in 2 nm pores. Lowering of the desorption temperature
of LiBH4 compared to the bulk is also observed when it is confined in the ordered
nanopores of the carbon.?! Supercapacitor electrodes made with template based hard
carbon materials which have 3D structures and controllable pore sizes can deliver high
specific capacitance; approximately 100-300 Fg? in aqueous medium and 50-150 Fg?in
organic medium.?

Moreover, hard carbons may be used in solid-state batteries for confinement of
active materials such as conversion reactions where limited diffusion of reactants may
improve reversibility. Additionally, solid electrolytes at the forefront of research contain
fast Li-ion conductors®®*®? may be interfaced with hard carbon materials where the
diffusion of Li at the interface becomes important to control the electronic and ionic

conductivities between solid electrolyte and the electrode surface. For example, mixed
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conductive Li2S nano composite electrodes can be made with Li.S as active material,
polyvinylypyrrolide (PVP) as the carbon source, and LisPSsCl as solid electrolyte in
ethanol for all solid state lithium sulfur batteries.>® LiBH4 also can be used as solid
electrolyte together with composite electrodes made with elemental sulfur and carbon
additives.®* In the NASICON type solid electrolytes better electron conduction can be
obtained by mixing the materials with single wall carbon nano tubes for all solid state
lithium oxygen batteries.?

The use of alternative carbon-based anodes requires detailed diffusion
investigation to understand the Li diffusion mechanisms inside these carbons. Moreover,
proper diffusion analysis would reveal information about favorable structural properties
of electrode materials for battery applications. Even though several studies have been
conducted to analyze electrochemical properties such as capacity, rate performance, and
charge-discharge performance of ordered mesoporous carbons, only a few diffusion
analysis studies have been reported in the literature. To the best of our knowledge, this is
the first detailed diffusion study conducted on pure forms of ordered mesoporous carbons
synthesized by organic-organic di-constituent assembly (NPC-1), organic-inorganic-
surfactant tri-constituent assembly (NPC-2) and nanocasting method (CMK3) carbon
materials.

The nanoporous hard carbons discussed in this work are highly ordered, with
well-defined pore structure. These carbon materials have surface areas in excess of 600
m?/g, pore volumes between 0.4-1.5 cc/g and uniform pore size distributions. Two

synthesis techniques used to obtain our ordered carbons are (1) nanocasting that uses a
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hard silicate template, and (2) soft templating, which uses organic-organic or organic-
inorganic self-assembly processes.3*3

Diffusion measurements: There are several electrochemical techniques for
determining diffusion coefficient of Li ions inside a host material. The Galvanostatic
Intermittent Titration Technique (GITT)®, electrochemical impedance spectroscopy
(E1S), and potential intermittent titration (PITT) are some examples of such techniques.®
GITT is one of the most widely used diffusion analysis methods in the literature.
Diffusion coefficients are calculated based on the voltage response during the current
pulse and the equilibrium voltage change after the relaxation is complete. The diffusion
constant calculated from the original GITT presentation was derived assuming that the
diffusion process inside the electrode follows Fick’s Law.®

Although the GITT process has been known for some time, it was designed to
measure the diffusion constants during the current pulse and there is much less work on
the voltage response during the relaxation. In this work we introduce a variation on the
GITT technigue based on an analysis of the voltage relaxation between current pulses.
We refer to this as voltage-relaxation GITT or VR-GITT. This method uses the same
experimental procedure as GITT, but employs a stretched exponential to analyze the
relaxation data instead of the voltage response during the galvanostatic current. From the
stretched exponential one obtains a time constant representing the time Li ions take to
redistribute after each current pulse inside the electrode material, and a geometry-
dependent parameter that distinguishes diffusive behavior in different local environments.
The use of a stretched exponential to extract the time constant and hence diffusion

coefficient has not been used with the GITT technique. Most importantly, materials with
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flat voltage plateaus can use VR-GITT to analyze the diffusion coefficient along the
plateau, which we illustrate with a two-phase material in the supporting information.
Second, we have combined our VR-GITT electrochemical measurements with reverse
Monte Carlo to infer the lithium distribution in the carbons as a function of composition.
To our knowledge the use of Monte Carlo methods, combined with a variation of the
GITT technique is new.

As a demonstration of the utility of the methods we have described, we show VR-
GITT applied to the well-studied nanoparticle anatase TiO2 and demonstrate how it is
able to give the diffusion constant as a function of Li concentration. We determine the
diffusion constant as the LixTiO2 undergoes a phase transition. The results we obtain
provide a powerful confirmation of the theoretical and other experimental work on
anatase TiOy, in particular indicating very easily the transition from beta-TiO, to the
lithium titanate 1:1 phase.%-%¢ The use of the stretched exponential in fitting the voltage
relaxation curves also gives very accurate open cell voltages as the asymptotic plateau of
the exponential. This can be clearly seen in the extracted plateau voltages for TiO2 in the
samples.

Below we present the diffusion dynamics of different types of carbons with
different pore structures using GITT and VR-GITT. This allows us to understand the
variations of diffusion coefficients in highly ordered mesoporous carbons by comparing
the differences and similarities with each other. Our GITT diffusion results validate the

new VR-GITT diffusion method.
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The first part of the paper describes the VR-GITT technique in detail and is used

to characterize the hard carbons we have synthesized. Diffusion coefficients are presented
as a function of Li-concentration. The latter part of the paper describes the density
profiles of lithium in the hard carbons as a function of Li-concentration determined using

a reverse Monte Carlo technique.

2. EXPERIMENTAL METHODS

Four types of carbons were prepared according to the following synthesis
procedures. Out of these four, two carbon types with 2D hexagonal structure (NPC-1,
NPC-2) were prepared using soft template technique. NPC-1 was synthesized according
to the referenced literature.3* In this preparation phenolic resins were used as the carbon
precursor and triblock copolymer as soft template in the organic-organic self-assembly
process. NPC-2 was prepared by the inorganic-organic-surfactant self-assembly method
according to the literature.®® In this process tetraethyl orthosilicate (TEOS) was used to
obtain higher surface areas and pore volumes. The third carbon type was composed of
solid carbon rods (CMK3) which was prepared using the hard template method. CMK3
was prepared using sucrose as carbon source and SBA-15 as the hard template material.*
Finally, for comparison, to get a lower pore volume, the fourth type of carbon (GNPC)
was prepared similar to NPC-1 synthesis process but, without triblock copolymer
material.

Brunauer-Emmett-Teller (BET) method was used to calculate the surface area and
Barrett- Joyner-Halenda (BJH) method was used to calculate the total pore volume. Pore

size distributions from the adsorption branch were analyzed from both NLDFT models
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and BHJ method. Total pore volume was calculated by the amount adsorbed at a relative
pressure of 0.99. These experiments were carried out using nitrogen adsorption isotherms
at 77 K by Coulter SA3100 analyzer for the synthesized samples followed by outgassing
process at 300 °C for at least 1 hour. NPC-1, NPC-2 and CMK3 were analyzed by the
2D-nonlocal density functional theory (2D-NLDFT) Cylinder Heterogeneous Surface
model using the SAIEUS program*’ since these samples contain cylindrical nanopore
channels in the P6m symmetry. The 2D heterogeneous surface model was used for the
GNPC type. Next, particle sizes of these samples were analyzed by Imagel*® software
using Scanning Electron Microscopy (SEM) images. Finally, powder X-ray diffraction
(XRD) measurements were performed with Cu Ka radiation source on a Rigaku Ultima
IV multipurpose X-ray diffraction system.

Coin cell preparation: In this study two-electrode coin cells were used for the
electrochemical analyses. All carbon materials and polyvinylidene fluoride (PVDF)
(301F) were baked using custom built Sievert type apparatus at 300 °C and at 110 °C
respectively overnight. The purpose was to remove moisture from the electrode materials.
The whole assembly process was done inside an argon filled glove box with oxygen
content below 1 ppm. Four different slurries were made using synthesized carbon
samples as active material, PVDF as binder and N-methyl-2-pyrrolidone (NMP) as
solvent. The ratio between active material and binder was 9:1. No carbon black was
added in the process. Electrodes were prepared by coating thin layer of the slurry on a
battery grade Cu foil. These electrodes were baked at 70 °C for 10 minutes and then at
120 °C for overnight inside the glove box. Coin cells were assembled with metallic

lithium chip as reference/counter electrode and a carbon electrode as the working
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electrode. 1 M LiPFs in a mixture of 1:1 ethylene carbonate (EC) and diethylene
carbonate (DEC) was used as the electrolyte. Two layers of Celgard brand separators
were sandwiched between Li metallic chip and working carbon electrode which was
eventually sealed under pressure of 50 kg/cm? using hydraulic crimping machine (MTI;
MSK 110). All cells were rested for two hours to saturate before taking any
measurements.

Electrochemical measurements: First, cells were cycled for 7 cycles between 0.00
V and 3.00 V vs Li/Li* with constant current density of 30 mA/g using Maccor 4300
model to avoid effects of solid electrolyte interphase formation (SEI) for the diffusion
measurements. Then all the cells were rested for one day and subsequently subjected to
galvanostatic intermittent titration technique (GITT). This method is composed of
constant current pluses followed by a relaxation period. In the experiment, 15 minutes
current pulses with an approximately C/2 current and 4 hours of relaxation were used.
The C value was calculated based on the cycling measurement results for each battery.
More details can be found in the supporting information. The GITT process was
continued until the carbon electrode reached a voltage of zero with respect to Li/Li".
Before the de-insertion current pulses began, the sample was allowed to soak at zero volts
for 10 hours to ensure full insertion. De-insertion continued with current pulses of C/2 for
15 minutes and 4 hour relaxation period. All the voltage vs time measurements were
recorded at room temperature using a Maccor model 4300 instrument.

Data fitting: Powder x-ray diffraction data were fitted using fityk*® software in

order to obtain Bragg peak widths from the experimental results. All the recovery voltage
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curves were fitted using xmgrace software® to extract the VR-GITT parameters, o and T,

as discussed below.

3. RESULTS AND DISCUSSION

Structural Characterization of the Carbons: According to the BET results in
Figure 1a, all of the carbon types except GNPC exhibit a type 1V isotherm based on the
IUPAC classification.®® This indicates the presence of mesoporosity and microporosity in
the samples resulting in large pore volume and surface area.  GNPC has a type |
isotherm, exhibiting very low surface area and a micro-porous nature in contrast to the
other samples. GNPC was made with phenolic resins without polymer (F127), it therefore
has no ordered morphology at the nanoscale, yet retains a disordered carbon structure.>?
Figure 1b shows the pore size distribution of the samples from NLDFT models. NLDFT
method provides a better understanding about the lower pore size regions (< 2 nm)
compared to the BJH method.>® Nonetheless, poor fitting in the micropore region caused
higher standard deviations (Table S1) for CMK3 and NPC-1 compared to NPC-2. We use
2D Cylindrical model for CMK3 even though it has more slit like pores as evident from
the reported H3 type hysteresis loop.*® This is probably the reason we obtain higher
standard deviations for CMK3 carbon. Pore size distributions from the BJH method are
also included in supplementary documents for comparison (Figure S2). All of the carbon
types except GNPC contain micropores and mesopores according to the pore size
distributions. Summary of N2 Physisorption results are given in the Table 2. The SEM
images (Figure S3) show the particle size variation between different carbon samples.

The particle size of the GNPC was assumed to be similar to NPC-1 since these samples
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were sieved through the same 74 um size sieve. The largest particle size for the carbons

CMKS3, NPC-1, NPC-2, and GNPC are show in Table 1.
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Figure 1. (a) Nitrogen adsorption isotherms for synthesized carbon samples at 77 K, and
(b) Pore size distributions calculated from the adsorption branch. The highest surface area
and pore volume are for NPC-2.

Figure 2 shows wide-angle XRD patterns for all the carbon samples. These XRD
patterns have been used in Scherrer equations to calculate the (002) interlayer spacing
and coherence length which are shown in Table 1. The broad peaks corresponding to
graphitic (002) and (100) at around 26° and 43° two theta, respectively, indicates no
significant long-range order; the carbon network itself is glassy, with very small graphitic
nanodomains. However, the GNPC structure shows higher intensity and somewhat
narrow peaks with slightly lower d spacing and higher coherence lengths compared to the
other carbon samples. This suggests that the GNPC structure may be slightly more

graphitic on the nanoscale, compared to the other ordered carbons.
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Table 1. Characterization of carbon samples from Nitrogen Physisorption and X-ray

measurements.

Sample Surface Total Pore d Spacing® Coherence Largest
Area? Volume® Lengthd Particle

Size®

[m?/g] [cm®/g] [nm] [nm] [um]

NPC-1 644 0.39 0.39 0.83+0.01 121.13

NPC-2 937 1.01 0.39 0.78+0.01 144.0
CMK3 905 0.60 0.38 0.78 £0.01 103.59
GNPC 60 0.04 0.39 0.88 £0.01 121.13

Graphite - - 0.336 453+0.2 -

3Calculated by the BET method. "Estimated by the amount adsorbed at a relative pressure

of 0.99. “dCalculated from the (002) Bragg peak and the Scherrer equation.

Voltage-relaxation GITT Measurements: In addition to analyzing the voltage

response during the current pulse, it is useful to examine the relaxation of the open cell

voltage (OCV) following current pulses. The depolarization technique, developed for

planar interfaces,>** can be used to analyze the OCV relaxation curve in order to get

diffusion coefficients in thick electrode pellets. In the depolarization method, the

diffusion coefficient is calculated from the gradient obtained from a plot of the logarithm

of [OCV(t) - OCV(t=x0)] Vs time.

In contrast we employ a stretched exponential to

analyze the relaxation curves and refer to our approach as voltage relaxation (VR-GITT),

and we calculate diffusion constants assuming a spherical particle geometry. It is




42
important to note that during the diffusive relaxation process the dominant contribution
comes from the largest particles in the material. SEM indicates these sizes are in the

micron range.
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Figure 2. Powder XRD experimental results for carbon samples. Broad intensity around
26° and 43° suggest the amorphous nature of the carbon.
It is known that the stretched exponential is more appropriate to model relaxation
and decay processes than the standard exponential function.®®>® Prominent examples
include polymer dynamics, and diffusive processes such as rehydration. The above

mentioned different systems can be explained with stretched exponential function,

s having either fixed or variable alpha (o)) between zero and one and
tau (1) larger than zero depending on the system.>® In diffusive processes the o parameter

is shape-related and is important behavior to understand in our material where the pores
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and channels are ordered. Marabi et al. has shown that the stretched exponential shape
factor a can have distinct values depending on the geometry and the mechanism of water
uptake such as 0.67, 0.72 0.81 for spheres, cylinders and slabs respectively when
considering rehydration.*

A simple stretched exponential for a typical voltage relaxation in our

electrochemical data is captured by the expression in Eq. (1)

(1)

where, Vmax IS the relaxed open cell voltage obtained from the fitting, Vmin is the
minimum voltage of the recovery curve, (t-to) is the relaxation time (difference between
initial and final relaxation time), T is the time constant, and o is the shape-related factor.
Fitting of the stretched exponential to a typical VR curve is shown in Figure S4. The

diffusion constants following every current pulse were calculated using

=

where L is the radius of the largest particle. To validate the diffusion constants calculated
from our extracted time constants, diffusion coefficients were also calculated based on

the standard GITT equation which is based on a one-dimensional diffusion process®’:

3)

here r is the radius of the particle, t is the duration of the current pulse, AE;s is the change
in equilibrium voltage during the current pulse, AE; is the total transient voltage change

after the IR drop. This equation holds when .The voltages of the

experimental GITT curves are shown in Figure S5. The VR-GITT data show that NPC-1
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has the lowest recovery voltage and fastest relaxation process. This suggests that NPC-1
may not have as deep trap sites discussed in Mochida et al. as compared to CMK3 and
NPC-2.12 A possible explanation may be the following. When some portion of Li ions
intercalate into deep trap sites on the first insertion they will have diffusion barrier
activation energies larger than the other intercalated Li ions during the voltage recovery.
Therefore, the recovery voltages may provide some information about the trap sites. Li
resident in a deep trap site will increase the diffusion rate for diffusing Li that cannot
enter the site. A competing mechanism, however involves the blocking of a diffusive path
by the resident Li. These competing effects may be difficult to determine from the VR-
GITT data.

We note one drawback of the standard GITT technique is the AEs term in the
numerator of equation (3) which represents the change in equilibrium voltage of the
material upon, e.g. insertion of Li. In a two-phase region where the equilibrium voltage
does not change AEs would be zero, the diffusion constant may not be calculated in this
manner. See for example Zhu and Wang.®* However, if one uses the voltage relaxation
curve and extracts the time constant, a calculation of the diffusion constant is possible
with knowledge of the relevant length scale for the diffusion. As it is sometimes difficult
to measure diffusion constants, especially over a large concentration region, the VR-
GITT technique provides one more characterization tool. For these purposes, and also to
provide a more well-studied standard for our analysis that follows, we show the VR-
GITT technique applied to nanoparticle anatase TiO». This material has been investigated
for lithium-ion anodes and its nanoparticle phase diagram is understood as a function of

Li concentration.**%6 We present diffusion measurement results across the entire two-
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phase region of anatase TiO> + beta Li titanate during Li insertion and de-insertion. The
VR-GITT results for anatase TiO> demonstrate the ease of use and power of the method.
In the Li-Ti-O system there are three phases of relevance for lithium-ion battery
applications: (1) alpha-phase anatase with stoichiometry LisTiO2, (2) beta lithium
titanate, LiosTi1O2, and (3) gamma phase LiiTi1O.. These phases and the nanoparticle
phase diagram have been investigated previously.*®*6 (The preparation of our
nanoparticle anatase TiO- is described in the supplementary.)

The VR-GITT results for 35 nm anatase TiOz is shown in Figure 3. Figure 3a
shows the fitted final voltages from the stretched exponential yielding the plateau
voltage. First, it is clear that there is a plateau region for the 35 nm particles. Insertion of
lithium into anatase TiO2 proceeds via a two-phase region corresponding to the
transformation of alpha-TiO> to the beta lithium titanate phase. The length of the plateau
becomes shorter with smaller particle size (See the supplementary Figure S6 for 11 nm
particle size), in agreement with the reported nanoparticle phase diagram in the
literature.*® The drop in potential near full insertion corresponds to the formation of the
gamma phase with 1:1 ratio of Li:Ti. The ionic conductivity in this phase is lower, and
there is a corresponding change in the extracted VR-GITT parameters.

The extracted tau parameters and corresponding diffusion coefficients are shown
in Figure 3b, and 3d. Most interestingly, small changes in the extracted tau parameter
indicate a diffusion coefficient that increases as the concentration of lithium increases
during the phase transition from alpha to beta. The reason that the diffusion coefficient of
Li* increases is the following.*? Density functional theory calculations show that at low

lithium concentration in anatase TiO: there is strong localization of the electron e” from
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the intercalated Li to a 3d state of the closest Ti center, forming a bound polaronic state
of the Li* to the Ti center. This binding is roughly 56 meV. As the lithium concentration
increases in the anatase TiO2 and these gap states begin to fill and form a delocalized
band, the binding of Li* to these states falls, manifesting as a higher diffusion rate of Li*.
VR-GITT measurements of lithium intercalation into anatase TiO: illustrate the above
explanation in detail. Further, Figure 3c shows the extracted shape parameters from the
VR-GITT fits and indicate that the diffusion proceeds largely with the same character
(spherical) except at the point where the formation of the gamma Li;Tiy phase appears.
There the alpha parameter increases noticeably.

Lithium diffusion in hard carbon: Figure 4 contains the extracted time constants
and o parameters vs Li concentration using equation (1) for different carbon samples.
Voltages that relax sharply at the beginning of the relaxation are given by smaller values
of a. The extracted a values generally lie between 0.2 - 0.5. As evident in Figure 4a the o
shape parameter clearly distinguishes carbons synthesized with and without silicate in the
preparation process. The shape parameter data fall into two distinct groups. A strong
variation of o for carbons NPC-1 and GNPC without silicate and a non-varying a for
carbons NPC-2 and CMKS3 prepared with silicate. The time constants are generally
increasing and shown in Figure 4b, with the exception of the one non-porous carbon
GNPC, which shows a rapid drop in 1. The low capacity in these measurements is due to

large current density used during the VR-GITT pulse.
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Figure 3. (2) VR-GITT fitted voltages, (b) Extracted time constants (1), (c) Stretched
exponential shape parameters (), and (d) Diffusion coefficients form VR-GITT method
for 35 nm nanoparticle anatase TiOa.

Figure 5 shows the diffusion coefficients for carbon samples from both the VR-

GITT time constant (equation 2) and the standard GITT (equation 3). These results show

very good agreement with each other. All the obtained diffusion coefficients from VR-

GITT and GITT are in the range of 10" and 10° cm?s. This shows an agreement with the

range of reported diffusion coefficients for carbonaceous materials.>*%2-%4 However, due

to the lack of the Li diffusion measurements for the exact materials discussed in this

study, we cannot compare the values directly.
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Figure 4. (a) Extracted Alpha (a) values as a function of Li concentrations, and (b)
Extracted time constants (1) as a function of Li concentrations for carbon samples. Tau
and Alpha were obtained by VR-GITT analysis method.

GNPC shows the highest diffusion coefficients. This may be due to more
graphitic nature of the GNPC sample. Persson et al. have shown that Li diffusion values
in highly oriented pyrolytic graphite (HOPG) in the direction parallel to graphene layers
is about ~107- 10 cm?s whereas the diffusion along the grain boundaries is about ~10-
1 ecm?s?t through computational calculations.®® This suggests if our GNPC has more
graphitic nano-domains it should have a higher diffusion coefficient.

Computational Modeling of the Lithium Density Profile: Li plating is a well-
known phenomenon which occurs specially under low temperatures, high current pulse
and high State of Charge (SOC). There have been several studies reported in literature
about the investigation of Li deposition inside electrode material under different
conditions. One common finding is that uneven Li plating leads to form dendrites and
may even pierces the separator causing internal short circuit of the battery.®57? Li plating

inside the electrode material without leading to dendritic growth depending on the
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morphology of the electrode material is also found to be possible. This phenomenon can
lead to very high reversible capacities for the materials. In these cases, formation of

metallic Li occurs inside the interior of the pores or in the cavities/defect sites of the

material and it will not lead to form destructive dendrites on the electrode surface.”®6
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Figure 5. Diffusion results from (a) VR-GITT method (closed symbols), and (b) GITT
method (open symbols). The maximum difference between two methods with in order of
one magnitude for all the other materials except for GNPC.

The lithium capacities in excess of LiCs in the cycling data strongly suggest that
lithium must be plating inside the pores of the carbon. Interestingly, NPC-2 type carbon
with very high specific area and pore volume can give reversible capacities above 1000
mANh/g which is more than two times of the standard graphite capacity (Figure S7). One
hypothesis is that the lithium plates during the relatively high current pulse on insertion in
the GITT measurement, and then diffuses through the carbon slowly. If this is the case,
we expect a non-uniform distribution of lithium in the carbon particles during insertion.
After full insertion and during the de-insertion VR-GITT measurements, we expect that

this non-uniformity will be smaller.
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In order to investigate the distribution profile of lithium in the carbon particles we
employed computational modeling of the diffusion process during the voltage relaxation
on each insertion and de-insertion. We extracted density profiles numerically by
integrating the diffusion equation and using Monte Carlo methods to determine the
lithium density profile following every VR-GITT current pulse. The details are as
follows.

The outer edge of the particle that is in contact with the electrolyte is the surface
that provides the measured voltage response. Our objective was to use this voltage
response to calculate the concentration profile of lithium in the particles immediately
following the current pulse in the VR-GITT experiments. We deduced the initial lithium
profile by assuming lithium was incorporated into the (mostly surface region) of the
carbon particles during the (short) current pulse, and that this high-concentration diffused
into the carbon particles over the relaxation period of the measurement (Figure S8). The
resulting voltage response is given by the concentration of the lithium on the outer edge
of the particle (Figure S9). In order to make the computations tractable we assumed
spherical particles. To obtain the time evolution of the lithium concentration we used a
standard Crank-Nicolson integration routine with Dufort-Frankel near r = 0. Our
computations allowed for a diffusion constant that varied as a function of distance from
the center of the particle, D(r). This assumption allows for the difference in diffusion
rates along the pore channels and/or through the carbon matrix itself. The simplification
that D is only a function of r and not a complicated function of the carbon pore
morphology is a reasonable one on based on the length scale ratio of the pore size (10° m

range) to the particle size (10 m range). The carbon particles are not monolithic ordered
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structures, but are comprised of small domains of ordered pores. The size of the domains
is much smaller than the micrometer size of the largest carbon particles.

For each voltage response curve, collected during the VR-GITT measurement, we
determined the initial lithium density profile in the particle using standard Monte Carlo
simulated annealing (MCSA) to fit the experimental voltage response. The cost function
was therefore the difference between the experimental voltage relaxation and the
computed voltage response, given an initial density profile. An example MCSA
computation is shown in Figure S10. For all computations the integrated density was
normalized to unity and the resulting density profiles f(r), and diffusion constant profiles
D(r) are dimensionless.

Monte Carlo details: We used N = 20 spherically concentric shells or bins in a
particle for the simulations. In each shell the density and diffusion constant profiles were
allowed to vary according to three different configuration changes, (i) scaling of the
overall profile, /—~ (I +/~- ¢)* (ii) increase or decrease of profile, f—~ (f +/- o), (iii)
increase or decrease profile of single bin, fi — (fi +/- ). An exponential annealing
schedule was used with T(n) = exp (-n/no), with no = 2, and a total of 10 temperature
steps. The number of configuration changes for each temperature was N = 103 The
value of 6 for each of the configuration changes was chosen so that rejection percentages
were in the range of 65 % to 75 %.

The relaxation curve at each VR-GITT data point represents the diffusion of
lithium in the particles at either an increasing or decreasing total Li concentration if the
measurement was taken as an insertion or de-insertion. The initial lithium density profiles

f(r), are plotted as a function of the cycle number and the particle radius in Figure 6.
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Peaks appearing along the density profiles f(r) vs radius graph denote high Li
concentration positions in the particle. In our model we consider outer surface as the
surface where electrolyte makes contact with the carbon particle. This includes both the
outer edge of the particle and the inner surface of the nanopore channel. High Li
concentration points appearing along the radius of the particle should be due to
agglomerations/plating of Li inside the nanopore channels. In previous studies Li plating
in defects and cavities have been observed for graphene and mesopore carbons.’*™
Moreover, intercalation of plated Li into graphite during relaxation period have been
reported.”” Uhlmann et al. have reported that the shape of the voltage curve during
charging and during relaxation for graphite in the presence of plating. However, we have
no two-phase region and we did not observe any voltage plateau in voltage relaxation
curves for our amorphous hard carbon materials.””

There are no reports in the literature of direct observation of Li plating or
intercalation of plated Li for our carbons. However, plating and intercalation occur in
graphite and graphene support the possibility of a similar phenomenon happening inside
the amorphous carbons used in this paper. According to BET analysis our carbon samples
have hexagonal nanopore structures. These pore channels are not perfectly smooth and
have cavities and sharp protrusions along the pore channels. So, during high current
pulse, it is likely that Li may plate in these areas and diffuse into the particle during the
relaxation.

The results of the MCSA computations are revealing. First, we note that the
variation of the inferred diffusion coefficients was small (within a factor of 5) across the

VR-GITT measurement of a sample and a varying diffusion constant was not necessary
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to obtain the density profiles. Second, the density profile becomes flat as the
concentration of lithium reaches its maximum value and returns to a more featured

landscape upon de-insertion (Figure 6).

Figure 6. Lithium density profiles computed from the voltage relaxation curves for each
carbon sample during both insertion and de-insertion. The valleys appear near full
insertion. (a) CMK3, (b) GNPC, (c) NPC-1, and (d) NPC-2.

A flat voltage profile indicates evenly distributed Li inside the pores. The zero
voltage soaking step following the VR-GITT insertion pulses evidently increases the Li
concentration and smooths its density profile. After the voltage soaking period, the
density profiles stay flat until few de-insertion current pulses for GNPC and NPC-1. This

may suggest that a higher amount of Li plating occurs in these samples compared to
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NPC-2 and CMKS3. This is in contrast to a well-studied material such as anatase TiO>
nanoparticles. An example of the VR-GITT applied to this material shows a very flat
landscape of lithium concentration profile across insertion and de-insertion and only an
increase in the density right at the edge of the particle upon full insertion (Figure S11).

To support our density profile analysis, we quantified the degree of fluctuation in
the density plots. The results indicate that the computed lithium profiles of the carbon
samples are significantly more non-uniform than the standard provided by the TiO>
anatase nanoparticles. Figure 7 shows the standard deviation for the calculated density
profiles at each step of the VR-GITT process, i.e., the fluctuations in the profile from r=0
to r=1, for each relaxation curve that was fitted using MCSA. The similarity between the
samples prepared with silicate (CMK3, NPC-2) or without (NPC-1, GNPC) is again very
apparent in the de-insertion standard deviations. A direct comparison of the carbon data
with the standard TiOz is not possible because of the difference in particle size and due to
the differences in the experimental procedure. In our TiO2 experimental procedure, no
soaking step was involved between insertion and de-insertion. However, the time scale
for relaxation of all of the samples is of the order required by the approximate known
diffusion constants for carbon and TiO», and so the standard deviation profiles do provide
some indication of the initial lithium density profiles inside the particles.

Our results show that the density profiles in the carbons become more uniform
(smaller standard deviation) as the Li concentration increases and the most uniform
following the zero voltage soaking step. This indicates that the Li is most evenly
distributed at full insertion. A calculation of the pore volume of the materials and the Li

concentration from the VR-GITT measurements shown in the Sl indicate that if plating
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occurs in the pores, it fills no more than about 10-20 % of the pore volume. Interestingly
for the GNPC-type carbon, which has the lowest pore volume, this number is calculated
to be around 100%. This suggests that if plating initiates on the ‘sharp’ edges of the pore
walls during a high current pulse, it may evenly distribute itself over the surface of the

pore wall and/or intercalate over time.

09

" CMK3

= =
~ %

=)

=
i lIT I T§1 ] T ] T I T IT

0.5

0.4

standard deviation of p_(r)

=

-_

relaxation iteration (n)

Figure 7. Standard deviations of the voltage profile for each voltage relaxation curve for
both insertion (first data points) and de-insertion. The standard deviation is lowest for
fully inserted samples of carbon. The TiO2 standard shows relatively much lower
fluctuation of the lithium density in the particles.

4. CONCLUSIONS
The lithium ion diffusion in ordered amorphous hard carbons was investigated

using the voltage relaxation data from standard GITT measurements. Our results indicate

that both GITT and VR-GITT diffusion constant results are generally in agreement with
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each other. All carbon diffusion coefficients investigated in this study were in the range
of 107 and 10° cm?s from both methods. Moreover, our results show that the newly
developed VR-GITT method is also helpful in distinguishing differences between carbon
samples. Particularly, carbon samples made with and without silicate can be clearly
identified from the a parameter obtained by VR-GITT. The fact that our method can
distinguish between different carbon preparation techniques means it is able to
distinguish microstructural features of the carbon. The methods here may be used to
characterize new electrochemical materials in addition to carbons. For example, the alpha
parameter may be extracted for a variety of anode and cathode candidates over a range of
Li concentrations that may be very specific to the preparation method of the material.

In addition to the newly developed VR-GITT method, this paper presents a new
approach to investigate the inside of electrode by calculating Li density profiles. Initial Li
density profiles derived from the voltage relaxation data provide information about the Li
distribution inside the particle just after the current pulse. According to our results, we
observed non-uniform Li distributions inside the carbon particles. We believe this non-
uniformity is due to Li plating during the high current pulse. We were also able to show
that higher amount of Li plating occurs in the non-silica based carbon samples. Our
results suggest that mitigating the plating problem in high-current charging environments
may be possible with engineered nanoporous electrodes where plating may be directed to
occur inside a pore structure with a small free pore volume.Finally, our results show that
the VR-GITT technique is a simple method for investigating diffusion in the two-phase
region of materials where there is a flat voltage profile that makes the standard GITT

unreliable.
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SUPPORTING INFORMATION

Current calculation for the diffusion measurements were carried out based on the
final capacity value (C) for each battery after seven cycles. Current used for the diffusion
was C/2 for each current pulse.
For example:
Final capacity — C mA/g, Mass of the active material - M g

Current used in the GITT method — (C/2) mA/g * (M) ¢
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Table S1. Standard deviations of the fits from 2D-
NLDFT models.

Sample name Standard deviation
[nm]
NPC-1 2.28
NPC-2 0.79
CMK3 1.31
GNPC 0.05
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Figure S2. Pore size distributions from BJH method. Minimum pore size that can be
obtained from BJH was ~ 3 nm.
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Figure S3. SEM images of carbon samples used for the study. a) NPC-1, b) NPC-2 and
c) CMKaS.
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Figure S4. Fit of stretched exponential to a typical voltage relaxation curve in the VR-
GITT procedure.
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Figure S5. Experimental Li- insertion GITT curves for the carbon samples.

VR-GITT Technique Applied to Nanoparticle Anatase TiO».

Hydrolysis synthesis process: In a typical process deionized water and
hydrochloric acid solutions were prepared with different concentrations of H+ for the
hydrolysis process. In one example, a 200 ml mixture of 50 ml 12 mol/L hydrochloric
acid and 150 ml deionized water has an H+ concentration of 3 mol/L (pH = -0.48). The
deionized water and hydrochloric acid solution was mixed well with vigorous stirring for
5 minutes with a stir bar. The precursor solution was a mixture of 15 ml ethanol (Decon:
ethanol 200 proof) and 5 ml titanium (IV) isopropoxide (Sigma-Aldrich: > 97.0 %). The
precursor mixture solution was slowly poured into the deionized water and hydrochloric
acid solution followed by vigorous stirring at room temperature for 2 hours. Then the

transparent liquid mixture was poured into petri dishes and the mixture was evaporated at
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room temperature in air for 6 days. The white-yellow precipitates were washed with
ethanol 3 times and then dried in air for 2 hours until the ethanol was evaporated. The
precipitates were then dried in a vacuum oven at 100 °C for 4 hours and ground into fine
powders using an agate mortar and pestle. Finally, the as-prepared powders were
annealed in a tubular furnace (Lindberg tube furnace Model-54233) in air under elevated
temperatures from 150 °C to 750 °C for 2 hours to obtain the desired particle sizes. Two
particle sizes, 11 nm and 35 nm, were prepared for GITT measurements. In the

experiment, 0.25 hours current pulses with C/10 current and 2.5 hours of relaxation were

used.
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Figure S6. VR-GITT fitted voltages (a), Extracted Tau (time constant) values (b),
Stretched exponential shape parameters (c) and Diffusion coefficients form VR-GITT
method (d) for 11 nm nanoparticle anatase TiOx.
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Figure S7. Capacity vs cycle number results for NPC-2 type carbon exhibiting high capacities.
(Sample information; surface area = 1939.94 m?/g, pore volume = 2.48 cc/g)
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Figure S8. Idealized VR-GITT process and the resulting density, f(r), of lithium in the
electrode. The current pulse leaves a shell of Li on the outer region of the particle (left
figure) that diffuses into the particle over time, resulting in a uniform distribution (right).
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Figure S9. Computed lithium concentration inside a spherical particle as a function of
time using a Crank-Nickolson integration scheme. The initial condition is a shell of
lithium on the outer edge that diffuses into the center of the particle (top left). The density
on the outer edge as a function of time (lower right) is proportional to the measured
potential.
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Simulated and Expt Data
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Figure S10. Representative density profile (lower right) and diffusion constant (lower
left) determined from a Monte Carlo optimization of the initial profile as a function of
radius from the center of a particle. The resulting Monte Carlo fit to the data is shown in
the top right graph.
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Figure S11. Computed lithium density profile of nanoparticle anatase TiO. Note the
flatness of profile across both insertion and de-insertion.

Li volume and Carbon volume were calculated as follows:
Li volume= Total amount of Li moles*Molar mass of Li/ (density of the Li)

Carbon volume= BET pore volume*mass of the electrode material.
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Table S2. Amount of filled Li inside the carbon at the end of the GITT
insertion current pulses.

Sample (Li volume/Carbon volume) *100
GNPC 110
NPC-1 12
NPC-2 10
CMK3 23

REFERENCES

1. S. Goriparti, E. Miele, F. De Angelis, E. Di Fabrizio, R. Proietti Zaccaria, and C.
Capiglia, J. Power Sources, 257, 421 (2014).

2. J.Ni, Y. Huang, and L. Gao, J. Power Sources, 223, 306 (2013).
3. F.Yao,D. T.Pham, and Y. H. Lee, ChemSusChem, 8, 2284 (2015).

4. S. Gautier, F. Leroux, E. Frackowiak, A. M. Faugere, J.-N. Rouzaud, and F. Beguin,
J. Phys. Chem. A, 105, 5794 (2001).

5. M. Winter, J. O. Besenhard, M. E. Spahr, and P. Novak, Adv. Mater., 10, 725 (1998).

o

E. Buiel and J. R. Dahn, J. Electrochem. Soc., 145, 1977 (1998).

~

E. Buiel and J. R. Dahn, Electrochimica Acta, 45, 121 (1999).

8. K. Guerin, A. Fevrier-Bouvier, S. Flandrois, B. Simon, and P. Biensan,
Electrochimica Acta, 45, 1607 (2000).

9. P.J.F. Harris, Philos. Mag., 84, 3159 (2004).
10. B. Scrosati, Electrochimica Acta, 45, 2461 (2000).
11. E. Buiel, A. E. George, and J. R. Dahn, J. Electrochem. Soc., 145, 2252 (1998).

12. 1. Mochida, C.-H. Ku, and Y. Korai, Carbon, 39, 399 (2001).



68
13.J. R. Dahn, T. Zheng, Y. Liu, and J. S. Xue, Science, 270, 590 (1995).
14. D. A. Stevens and J. R. Dahn, J. Electrochem. Soc., 148, A803 (2001).
15. B. Guo et al., Electrochem. Commun., 10, 1876 (2008).
16. J. Read, D. Foster, J. Wolfenstine, and W. Behl, J. Power Sources, 96, 277 (2001).
17. H. Q. Li, R.-L. Liu, D.-Y. Zhao, and Y.-Y. Xia, Carbon, 45, 2628 (2007).

18. D. Saikia, T.-H. Wang, C.-J. Chou, J. Fang, L.-D. Tsai, and H.-M. Kao, Rsc Adv., 5,
42922 (2015).

19.Y. Song, L. Li, Y. Wang, C. Wang, Z. Guo, and Y. Xia, ChemPhysChem, 15, 2084
(2014).

20. Y. Zhai, Y.Dou, D.Zhao, P. F. Fulvio, R. T. Mayes and S.Dai, Adv. Mater., 23, 4828
(2011).

21. X. Liu, D. Peaslee, C. Z. Jost, and E. H. Majzoub, J. Phys. Chem. C, 114, 14036
(2010).

22. C. L. Carr and E. H. Majzoub, J. Phys. Chem. C, 120, 11426 (2016).

23. C. L. Carr, W. Jayawardana, H. Zou, J. L. White, F. E. Gabaly, M. S. Conradi, V.
Stavila, M. D. Allendorf, and E. H. Majzoub, Chem. Mater., 30, 2930 (2018).

24. X. Liu, D. Peaslee, and E. H. Majzoub, J. Mater. Chem. A, 1, 3926 (2013).

25. A. F. Gross, J. J. Vajo, S. L. Van Atta, and G. L. Olson, J. Phys. Chem. C, 112, 5651
(2008).

26. R. D. Stephens, A. F. Gross, S. L. V. Atta, J. J. Vajo, and F. E. Pinkerton,
Nanotechnology, 20, 204018 (2009).

27. L. L. Zhang and X. S. Zhao, Chem. Soc. Rev., 38, 2520 (2009).

28. S. Komaba, W. Murata, T. Ishikawa, N. Yabuuchi, T. Ozeki, T. Nakayama, A. Ogata,
K.Gotoh, and, K. Fujiwara, Adv. Funct. Mater., 21, 3859 (2011).

29.Y. Meesala, A. Jena, H. Chang, and R.-S. Liu, ACS Energy Lett., 2, 2734 (2017).

30. 30. J. G. Kim, B. Son, S. Mukherjee, N. Schuppert, A. Bates, O. Kwon, M. J. Choi,
H. Y. Chung, and S. Park, J. Power Sources, 282, 299-322 (2015).



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

69

. A. Unemoto, S. Yasaku, G. Nogami, M. Tazawa, M. Taniguchi, M. Matsuo, T.
Ikeshoji, and S. Orimo, Appl. Phys. Lett., 105, 083901 (2014).

. Y. Liu, B. Li, H. Kitaura, X. Zhang, M. Han, P. He, and H. Zhou, ACS Appl. Mater.
Interfaces, 7, 1730717310 (2015).

. F. Han, J. Yue, X. Fan, T. Gao, C. Luo, Z. Ma, L. Suo and C. Wang, Nano Lett., 16,
4521(2016).

. Y. Meng, D. Gu, F. Zhang, Y. Shi, L. Cheng, D. Feng, Z. Wu, Z. Chen, Y. Wan, and
A. Stein, Chem. Mater., 18, 4447 (2006).

.R. Liu, Y. Shi, Y. Wan, Y. Meng, F. Zhang, D.Gu, Z.Chen, B.Tu, and D. Zhao, J.
Am. Chem. Soc., 128, 11652 (2006).

.S.Jun, S. H. Joo, R. Ryoo, M. Kruk, M. Jaroniec, Z. Liu, T. Ohsuna, and O. Terasaki,
J. Am. Chem. Soc., 122, 10712 (2000).

. C. Liang, Z. Li, and S. Dai, Angew. Chem. Int. Ed., 47, 3696 (2008).
. W. Weppner and R. A. Huggins, J. Electrochem. Soc., 124, 1569 (1977).
. P.Yu, B. N. Popov, J. A. Ritter, and R. E. White, J. Electrochem. Soc., 146, 8 (1999).

. M. Wagemaker, W. J. Borghols, and F. M. Mulder, J Am Chem Soc, 129, 4323
(2007).

. K. Yang, Y. Dai, B. Huang, and M.-H. Whangbo, Chem Mater, 20, 6528 (2008).
. B. J. Morgan and G. W. Watson, Phys Rev B Condens Matter, 82, 144119 (2010).

. U. Lafont, D. Carta, G. Mountjoy, A. V. Chadwick, and E. M. Kelder, J Phys Chem
C, 114, 1372 (2010).

. K. Shen, H. Chen, F. Klaver, F. M. Mulder, and M. Wagemaker, Chem Mater, 26,
1608 (2014).
. B. J. Morgan and G. W. Watson, J Phys Chem Lett, 2, 1657-1661 (2011).

.W. J. H. Borghols, D. Lutzenkirchen-Hecht, U. Haake, E. R. H. van Eck, F.M.
Mulder, and M. Wagemaker, Phys Chem Chem Phys, 11, 5742-5748 (2009).

.J. Jagiello, Langmuir, 10, 2778 (1994).
. C. A. Schneider, W. S.Rasband and K. W. Eliceiri, Nat. Methods, 9, 671 (2012)

. M. Wojdyr, J. Appl. Crystallogr., 43, 1126 (2010)



70

50. P. J. Turner, Cent. Coast. Land-Margin Res. Or. Grad. Inst. Sci. Technol. Beaverton
OR (2005).

51.51.K. S. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. Pierotti, J. Rouquerol, and
T. Siemieniewska, Pure Appl. Chem., 57, 603 (1985).

52. W. E. Van der Linden and J. W. Dieker, Anal. Chim. Acta, 119, 1 (1980).

53.J. Landers, G. Y. Gor, and A. V. Neimark, Colloids Surf. Physicochem. Eng. Asp.,
437, 3 (2013).

54. R. Amin, D. B. Ravnsbzk, and Y.-M. Chiang, J. Electrochem. Soc., 162, A1163
(2015).

55. R. Amin and Y.-M. Chiang, J. Electrochem. Soc., 163, A1512 (2016).
56. R. S. Anderssen, S. A. Husain, and R. J. Loy, Anziam J., 45, 800 (2004).
57. J. Klafter and M. F. Shlesinger, Proc. Natl. Acad. Sci., 83, 848 (1986).
58. P.G. de Gennes, Macromolecules, 35, 3785 (2002).

59. A. Marabi, S. Livings, M. Jacobson, and I. S. Saguy, Eur. Food Res. Technol., 217,
311 (2003).

60. M. Ecker, T. K. D. Tran, P. Dechent, S. Kébitz, A. Warnecke, and D. U. Sauer, J.
Electrochem. Soc., 162, A1836 (2015).

61. Y. Zhu and C. Wang, J. Phys. Chem. C, 114, 2830-2841 (2010).

62. M. Park, X. Zhang, M. Chung, G. B. Less, and A. M. Sastry, J. Power Sources, 195,
7904 (2010).

63. J. Yang, X. Zhou, J. Li, Y. Zou, Z. X. Wang, and J. Tang, Mater. Chem. Phys., 135,
445 (2012).

64. H. Guo, X. Li, X. Zhang, H. Wang, and W. Peng, New Carbon Mater., 22, 7 (2007).

65.K. Persson, V. A. Sethuraman, L. J. Hardwick, Y. Hinuma, Y. S. Meng, A. van der
Ven, V. Srinivasan, R. Kostecki, and G. Ceder, J. Phys. Chem. Lett., 1, 1176 (2010).

66. C. T. Love, O. A. Baturina, and K. E. Swider-Lyons, ECS Electrochem. Lett., 4, A24
(2015).

67. S. Frisco, D. X. Liu, A. Kumar, J. F. Whitacre, C. T. Love, K. E. Swider-Lyons, and
S. Litster, ACS Appl. Mater. Interfaces, 9, 18748 (2017).



71

68. Z. Li, J. Huang, B. Y. Liaw, V. Metzler, and J. Zhang, J. Power Sources, 254, 168
(2014).

69. Q. Liu, C. Du, B. Shen, P. Zuo, X. Cheng, Y. Ma, G. Yin, and Y. Gao, RSC Adv., 6,
88683 (2016).

70. M. Rosso, T. Gobron, C. Brissot, J.-N. Chazalviel, and S. Lascaud, J. Power Sources,
97, 804 (2001).

71. M. Z. Mayers, J. W. Kaminski, and T. F. Miller 111, J. Phys. Chem. C, 116, 26214
(2012).

72. J.H. Cheng, A. A. Assegie, C.-J. Huang, M.-H. Lin, A. M. Tripathi, C. C. Wang, M.
T. Tang, Y. F. Song, W. n. Su, and B. J. Hwang, J. Phys. Chem. C, 121, 7761 (2017).

73. H. Honbo, K. Takei, Y. Ishii, and T. Nishida, J. Power Sources, 189, 337 (2009).

74. X. Su, F. Dogan, J. llavsky, V. A. Maroni, D. J. Gosztola, and W. Lu, Chem. Mater.,
29, 6205 (2017).

75. R. Mukherjee, A. V. Thomas, D. Datta, E. Singh, J. Li, O. Eksik, V.B. Shenoy, and
N. Koratkar, Nat. Commun., 5, 3710 (2014).

76. J. Niu, R. Shao, J. Liang, M. 